Perimetry is the most common clinical diagnostic test procedure for evaluating the status of peripheral visual function in the management of ocular and neurologic diseases. This procedure has an extended history, and its design, implementation and interpretation is dependent on many principles that have been developed through visual psychophysical studies of target size, target duration, background adaptation level, chromatic characteristics and other stimulus properties (see Greve, 1973; Johnson, 1994 Johnson, , chap. 17, 1996 Johnson, , 2008 Johnson, , 2010 Johnson & Keltner, 1998, chap. 7; Johnson & Sample, 2002, chap. 22; Johnson & Wall, 2011, chap. 35; Wall & Johnson, 2005, chap. 2 for reviews). This paper will provide a general overview of the history of perimetry, selection of stimulus parameters, development of test strategies, clinical testing conditions, new procedures and approaches to perimetry, experimental design, analysis and interpretation methods, hypothesis testing, prediction and forecasting procedures, and other related topics. It is somewhat paradoxical that although there have been major advances in all of these areas that have significantly enhanced the utility and value of this clinical diagnostic test, the fundamental methodology has remained mostly unchanged for thousands of years. It is hoped that this overview will be of assistance to investigators and clinicians who wish to use or modify this diagnostic procedure for their ongoing career activities.
Introduction
The assessment of visual function in humans and other species is highly dependent on psychophysics, which is the scientific study of the relationship between the physical properties of sensory stimuli and the behavioral sensations and perceptions that are elicited by these stimuli. For vision, light serves as the predominant stimulus that evokes visual sensations and perceptions. In higher primates, the fovea is the most highly specialized portion of the eye for appreciation of fine detail, color discrimination and many other features of vision, serving as the region that observers direct their attention for detailed inspection of objects. However, the fovea occupies only a small fraction (less than 1%) of the total field of view, and the visual periphery is important for detection of objects, navigation, orientation and mobility and many other tasks. In spite of this, observers are often unaware of losses of visual function in the periphery, particularly if the loss is gradual over time. Specialized testing is required to assess the quality of visual performance of the peripheral visual field. Quantitative evaluation of the peripheral visual field by means of perimetry is an important part of an ophthalmic examination because: (1) many diseases affecting the visual pathways produce their initial deficits in the periphery, (2) the pattern, shape and location of peripheral visual field deficits can identify the most likely location of damage to the visual pathways, (3) evaluation of the effectiveness of treatment can be monitored by testing the peripheral visual field, and (4) many activities of daily living and quality of life issues are dependent on the status of peripheral vision (Johnson & Keltner, 1998, chap. 7; Johnson, Wall, & Thompson, 2011; Lascaratos & Marketos, 1988; Thompson, 1993; Thompson & Wall, 2010) .
The most common visual function that is evaluated clinically is visual acuity, which is important for reading, discrimination of different stimuli, face recognition and many other tasks. Visual acuity is typically measured in the clinic by means of a letter chart (Snellen, Landolt C or ETDRS) and refers to the spatial resolution and identification limits of the fovea (except for patients with macular disease or other forms of visual impairment where eccentric fixation is employed). Visual acuity is a very sensitive procedure, but it is not very specific in that disorders affecting the optics or neural structures of the eye and visual pathways can all produce similar visual acuity deficits. On the other hand, visual fields can be highly useful in specifying the location of involvement along the visual pathways (and the likely etiology) through examination of the pattern, shape and location of visual field loss and the congruency of abnormalities between the two eyes. The pattern of the visual loss determined by perimetry is generally different for pathology to various locations along the visual pathways and the optics of the eye. Perimetry can therefore assist the clinical practitioner in directing their diagnostic assessment to specific segments of the visual system from the eye to the brain.
The purpose of this paper is to provide a brief overview of the importance of psychophysics for perimetry, with particular emphasis on historical development, stimulus parameters and testing conditions, experimental design, testing strategies, and analysis procedures, hypothesis testing, and prediction and forecasting of peripheral visual function status. Detailed presentations with hundreds of references to original research articles devoted to the psychophysical properties of perimetry are available in many book chapters (Greve, 1973; Johnson, 1994 Johnson, , chap. 17, 1996 Johnson, , 2008 Johnson, , 2010 Johnson & Keltner, 1998, chap. 7; Johnson & Sample, 2002, chap. 22; Johnson & Wall, 2011, chap. 35; Wall & Johnson, 2005, chap. 2) . Although there have been many advances in the assessment, analysis and interpretation of perimetric results, the most commonly used procedure is highly similar to the one performed by Hippocrates and others (Johnson, Wall, & Thompson, 2011) .
History
Although the formal documentation of psychophysics dates back to more than 150 years ago to the writings of Fechner (1860) , perimetry has been performed for more than 2000 years and has utilized some fundamental psychophysical principles (Duke-Elder, 1938; Johnson, Wall, & Thompson, 2011; Lascaratos & Marketos, 1988; Magnus, 1998; Thompson, 1993; Thompson & Wall, 2010) . Hippocrates provided one of the first written reports that described visual field testing around 500 B.C. (Fig. 1) , while Euclid (300 B.C.) added some geometric characterization of the visual field, and Ptolemy (150 B.C.) quantified the visual field and reported that it was approximately circular in shape (Duke-Elder, 1938; Johnson, Wall, & Thompson, 2011; Lascaratos & Marketos, 1988; Magnus, 1998; Thompson, 1993; Thompson & Wall, 2010) .
Although there continued to be improvements and refinements of perimetry after this time, a major advance in this area consisted of a detailed illustration of the visual field by Ulmus in 1602 (Johnson, Wall, & Thompson, 2011) . Mariotte in 1668 (Fig. 2) reported the physiologic blind spot and related it to the location of the optic nerve head where there was an absence of photoreceptors. Mariotte used to behead some individuals by closing one eye and redirecting fixation of the open eye to place the person's head within his blind spot (Johnson, Wall, & Thompson, 2011) . Thomas Young provided angular measurements of the visual field extent in the early 1800s, and in the 1850s Von Graefe (1856) (Fig. 3) quantified the visual field and related visual field sensitivity losses (visual function) to structural abnormalities of the optic nerve head (Johnson, Wall, & Thompson, 2011) . Jannik Bjerrum (Fig. 4) and Henning Ronne then provided helpful clinical information concerning the shape and location of visual field sensitivity deficits that could be traced back to the anatomical arrangement of nerve fibers and provide an ability to determine the location of impairment within the visual pathways (Duke-Elder, 1938; Johnson, Wall, & Thompson, 2011; Lascaratos & Marketos, 1988; Magnus, 1998; Thompson, 1993; Thompson & Wall, 2010) . In the mid 1900s, kinetic, static and suprathreshold static testing procedures were introduced by Traquair ( Fig. 5) , Goldmann (Fig. 6 ) and Armaly Traquair (1927) . They also introduced instruments used to test the visual field such as the tangent screen and the Goldmann perimeter, which remains virtually unchanged over the past 70 years (Johnson, Wall, & Thompson, 2011) . Aulhorn and Harms then introduced the Tubinger perimeter a short time later, which was not only able to perform static and kinetic perimetry, but also, color, flicker, acuity, scotopic and other forms of perimetry (Aulhorn & Harms, 1972) . Stephen Drance and Douglas Anderson have provided numerous enhancements and helpful suggestions for obtaining optimal results and properly interpreting them (Anderson, 1987) .
Approximately 40 years ago, the first attempts to automate perimetry began. Fankhauser (1982) (Fig. 7) was perhaps the first scholar to successfully accomplish this task with the development of the Octopus perimeter Koch, Roulier, & Fankhauser, 1972) Anders Heijl (Fig. 8 ) and his colleagues have also contributed significant improvements to the hardware and software associated with the acquisition of visual field sensitivity measures and the statistical interpretation of single visual fields and longitudinal follow up trends (Bengtsson, Patella, & Heijl, 2009; Heijl, 1985; Heijl & Krakau, 1975; Heijl et al., 2003) . Johnson and Keltner and many others have also made important contributions in advancing the accuracy and efficiency of automated visual field testing (Johnson & Keltner, 1998, chap. 7) .
In addition to conventional achromatic (white-on-white) perimetry, many investigators have also developed and evaluated methods that measure the color, flicker, motion, acuity, texture, spatial, temporal and other properties of the peripheral visual field as a means of determining the amount of visual function damage produced by various ocular and neurologic diseases (Johnson, 2010, chap. 23) . In many instances, these techniques have been developed to isolate and measure visual mechanisms that are more sparsely populated than other neural structures, visual skills that may be more susceptible to early damage or changes in performance status, visual tasks that may be highly robust to nonpathologic influences, tests that are highly reliable and reproducible, or some combination of these features.
Stimulus parameters
As with many psychophysical test procedures, numerous investigators have evaluated the properties of various stimulus characteristics that are used for perimetry. Greve has provided a good summary of early work in this area (Greve, 1973) and more recent publications have added to this earlier work (Johnson & Keltner, 1998, chap. 7; Wall & Johnson, 2005, chap. 2) . A standard background adaptation luminance of 31.5 apostilbs (10 cd/m 2 ) is currently used by most perimetric devices today because it provides low photopic adaptation that is on the linear portion of the Weber fraction (delta L/L = C) and thus changes in pupil size or ocular media transparency will not affect the observer's response for detection of the target because the stimulus and the background are equally affected. Fig. 9A presents the luminance increment (delta L) as a function of background luminance (L). Higher background luminance levels can produce discomfort, glare effects and spurious responses (Anderson et al., 2009; Fankhauser & Haeberlin, 1980) , whereas lower background levels create an unstable adaptation state that is not constant for the whole visual field in the transition from the linear to the non-linear portion of the Weber function (going from right to left in Fig. 9A ), which varies with visual field location because of differences in pupil foreshortening, spatial summation properties and rod-cone density distributions (Aulhorn & Harms, 1972; Greve, 1973; Johnson, Keltner, & Balestrery, 1981 ) Also, very low background levels require too much dark adaptation time to be feasible for routine clinical testing. Similarly, stimulus durations of 100 ms or greater will produce stable and reliable results because the temporal summation limits have been reached (Aulhorn & Harms, 1972) . Depending on the type of perimetric testing, either the size and/or luminance of the stimulus (superimposed on the uniform background) are used to change the visibility of the stimulus.
Test strategies
Kinetic perimetry (Anderson, 1987) involves moving a target from the far periphery towards fixation along meridians at a speed of approximately 5 degrees per second for locations outside of 30°e ccentricity and 2 degrees per second for locations inside of 30°e ccentricity. The stimulus moves from an area of non-seeing to a location where the target is first detected. For a specific size and luminance of target, locations where the stimulus is detected are connected to reflect areas of equal sensitivity or isopters. By using a combination of various sizes and target luminances a series of isopters can be generated to indicate the contour of a three-dimensional sensitivity profile for the eye. Areas of reduced sensitivity (lower than surrounding regions) are called scotomas, which are mapped by placing an appropriate stimulus (equal to or more detectable than the sensitivity of surrounding regions) within the center of this area of reduced sensitivity and directing target motion radially in a number of directions (typically 8 directions at 45°radial intervals) to outline the boundaries of the scotoma. By using multiple targets of varying size and luminance, it is possible to map the depth, slope and overall topography of the scotoma. In most instances kinetic perimetry is performed manually by an experienced perimetrist although the current Octopus perimeter has the capability of performing kinetic perimetry automatically. Kinetic perimetry is highly interactive and requires high level heuristic testing strategies. Static perimetry (Anderson, 1987) involves placing stationary targets at a fixed location in the visual field. Threshold is determined by adjusting the luminance of the stimulus to define the minimum amount of light increment on the background needed for detection of the target. This strategy is less complex than for kinetic perimetry and it has been readily adapted for automated visual field testing. By evaluating threshold sensitivity at numerous locations throughout the visual field it is possible to develop a profile of visual field sensitivity to light. Fig. 9B presents a schematic representation of kinetic and static perimetry approaches to the visual field sensitivity profile (hill of vision).
Suprathreshold static perimetry (Anderson, 1987) consists of presenting targets that an individual with normal visual field sensitivity would be able to detect to determine whether there are areas in which sensitivity is reduced, thereby indicating a visual field scotoma. Some suprathreshold static perimetry procedures perform a rapid screening to indicate normal and abnormal areas of the visual field, whereas other procedures evaluate the relative depth of areas of sensitivity loss by using multiple target sizes or luminance levels (Anderson & Patella, 1990; Artes et al., 2003) . There have been fewer formal investigations of strategies for performing suprathreshold static perimetry. Frequency Doubling Technology perimetry is able to complete a screening visual field test in 20-30 s for a normal eye and less than 1-1 1/2 min for an eye with visual field loss (Johnson, Cioffi, & Van Buskirk, 1999) .
There are a number of procedures that have been developed for obtaining stimulus detection thresholds for visual field evaluation. Initial procedures used an ascending method of limits in which the stimulus luminance is increased to change the participant's response from non-seeing to seeing. Similarly a descending method of limits extending from seeing to non-seeing could also be performed. These techniques were subsequently replaced by the use of a staircase or bracketing procedure in which target luminance is increased if the stimulus is not seen and is decreased if the stimulus is seen. Each time there is a reversal in the response (seeing to non-seeing or vice versa) the size of the bracketing interval is reduced. After several reversals in response are achieved the detection threshold can be established (Johnson, Chauhan, & Shapiro, 1992) .
More recently, several new procedures have been developed to improve the accuracy and efficiency of visual field testing. The Modified Binary Search (MOBS) is similar to a staircase procedure except that the size of the interval following response reversals depends upon the participant's response history and has more variation then the staircase procedure. In addition the Modified Binary Search minimizes the number of successive similar responses. Many studies have now shown that it is an accurate and efficient test procedure, and it has been implemented on some automated visual field devices (Anderson & Johnson, 2006; Johnson & Samuels, 1997; Johnson & Shapiro, 1989) . The dynamic strategy is similar to the modified binary search except that it adjusts the size of a luminance increment or decrement according to the participant's sensitivity at that location (i.e., there are larger jumps in low sensitivity regions and smaller jumps in high sensitivity regions). Investigations have also shown that this technique is more accurate and efficient than a staircase procedure (Anderson & Johnson, 2006; Weber & Klimaschka, 1995) . Tendency Oriented Perimetry (TOP) is a spatial averaging technique that uses the sensitivity of neighboring visual field test locations to establish threshold sensitivity for the primary visual field location that is central to its neighbors (Maeda, Nakaura, & Negi, 2000; Morales, Weitzman, & Gonzalez de la Rosa, 2000) . Although this procedure demonstrates better accuracy and efficiency than staircase procedures, it is less effective in detecting small visual field losses and minimizes the depth of scotoma and introduces a shallower sensitivity slope for them (Anderson, 2003) . Most recently, test strategies that are based upon Bayesian statistical properties have been introduced. One of these procedures it is known as the Swedish Interactive Threshold Algorithm or SITA Bengtsson, Heijl, & Olsson, 1998; Bengtsson et al., 1997) and another is known as Zippy Estimation of Sequential Thresholds or ZEST (King-Smith et al., 1994; Turpin et al., 2002a Turpin et al., , 2002b Turpin et al., , 2003 . Both of these procedures are forecasting techniques that improve the accuracy and efficiency of visual field threshold estimations in each of them has been implemented in routine automated clinical visual field devices. Each of these procedures has been introduced to clinical visual field testing through the application of techniques that were developed from psychophysical studies. Fig. 10 presents a schematic representation of the staircase procedure (A) and a Bayesian test strategy such as SITA or ZEST (B).
It should be noted that these procedures all utilize a logarithmic (decibel or dB) scale for luminance increment sensitivity (1/threshold). However, recent investigations indicate that a linear scale for luminance increment sensitivity may improve the ability to detect early perimetric deficits and enhance the structure (optic disk and retinal nerve fiber layer measures) function (perimetry sensitivity) relationship (Garway-Heath et al., 2000 Harwerth et al., 2005) .
Testing conditions
Although the ''ideal observer'' is often used as a basis for comparison in psychophysics (Green & Swets, 1966) it is well known that even highly skilled subjects do not perform in this manner. Psychophysical observers can improve with practice, learning, training and feedback, with the magnitude and time course of these effects varying with the type of visual task, including perimetry (Gardiner, Demirel, & Johnson, 2008; McGovern, Webb, & Peirce, 2012; Solgi, Liu, & Weng, 2013) . Perhaps the most dramatic example of this is the improvement in practice by Cuban cigar rollers after years of prior experience (Crossman, 1958) . Perimetry also experiences practice effects, which are mostly achieved within the first 2-4 sessions but can also extend to many years (Gardiner, Demirel, & Johnson, 2008) . Investigations have also reported that participants in visual field testing will undergo fatigue effects, particularly for individuals who are older or who have significant medical conditions (Johnson, Adams, & Lewis, 1988) . The difficulty of the perimetry task, attention, localization and multitasking can also influence the accuracy, reliability and sensitivity of testing. The Useful Field of View is a test procedure that evaluates these properties and is often used as a procedure for determining whether an individual with impaired visual or cognitive function is a good candidate for operating a motorized vehicle (Ball & Owsley, 1993; Wood et al., 2012) . Basically, the Useful Field of View test has three primary assessments: (1) processing speed -determination of reaction time and correctness of identifying the target (drawings of a car or truck) presented to the center of a computer display; (2) divided attention -a similar task for central vision, while presenting another target in a radial location in peripheral vision, where the observer determines whether the central and peripheral targets are same or different; and (3) selective attention -the same task as for #2 except that the peripheral target is presented in one location and the other potential peripheral locations are filled with ''distractor'' stimuli. The threshold scores for all The top figure presents a typical probability density function for the determination a sensitivity threshold at a single target location. A stimulus is presented at the mean or median of the probability density function (here, the mean will be used for illustration purposes). The target is either seen (YES) or is not seen (NO), and the probability density function is reduced to a smaller region of potential values for the sensitivity threshold (lighter regions being the active portion of the probability density function and shaded regions being the inactive portion of the probability density function as shown in the middle panel. The lower panel then demonstrates the next presentation and potential responses, and the subsequent narrowing of the probability density function. The testing terminates when the size of the distribution has been reduced to a criterion level (dynamic termination criterion) or a fixed number of trials have been conducted. Note that this illustration does not depict the influence of the psychometric function (frequency of seeing curve), response errors, false positives or false negatives. three tasks are then combined to provide an overall performance score. Additionally, it has been reported that the instructions that are provided to individuals prior to visual field testing can have a significant impact on the outcome of their peripheral visual field examination (Kutzko, Brito, & Wall, 2000) Distractions such as intervening auditory or visual stimuli can also affect performance. All of these conditions have been investigated quite extensively in the psychophysical and experimental psychology research areas.
New test procedures
The traditional approach for perimetry consists of determining the minimum amount of white light that is necessary for a small target to be detected on a uniform white background field, the increment threshold (Anderson, 1987) . However, findings from psychophysical studies have prompted many investigators to develop visual field test procedures that measure a variety of visual functions, including color vision responses, motion and displacement sensitivity, flicker sensitivity and flicker-defined form, acuity and contrast detection, texture and pattern discrimination, frequency doubling technology perimetry, pulsar perimetry, and Rarebit perimetry (Aulhorn & Harms, 1972; Greve, 1973; Johnson, 2010, chap. 23; Johnson & Keltner, 1998, chap. 7; Wall & Johnson, 2005, chap. 2). In particular, short wavelength automated perimetry (SWAP), flicker sensitivity and flicker-defined form perimetry, motion perimetry, high-pass resolution perimetry, frequency doubling technology (FDT) perimetry, and pulsar perimetry have demonstrated the greatest advantages for clinical detection, management and evaluation of ocular and neurologic diseases. Each of these procedures has its distinct advantages and disadvantages, which may be found in several reference sources (Aulhorn & Harms, 1972; Greve, 1973; Johnson, 2010, chap. 23; Johnson & Keltner, 1998, chap. 7; Wall & Johnson, 2005, chap. 2).
Experimental design and analysis procedures
Psychophysics and experimental psychology have been concerned with experimental design and research protocols for many years, in accordance with other scientific disciplines. Clinical investigations have a similar approach to experimental design, although the terminology is different. In this view, clinical observational studies are similar to phenomenological events in experimental psychology that were performed in accordance with Gestalt principles, being more descriptive rather than analytic or mechanism oriented.
In recent times, statistical and mathematical models are often used for analysis of visual field and perimetric data. Summary statistics (descriptive statistics) such as mean, standard deviation, 95% confidence limits, interquartile ranges and other indicators of the properties of distribution values are often employed. If the values approximate a normal distribution, then parametric statistical tests are used (e.g., t-test, analysis of variance, Pearson correlation coefficient), while nonparametric statistical tests are employed when the values are not normally distributed (e.g., Wilcoxon, Mann-Whitney, Kolmogorov-Smirnov, Kaplan-Meier survival analysis). Additionally, more sophisticated procedures such as event analysis (change from baseline), trend analysis (linear regression), multivariate linear regression, principal components analysis, mixed effects models, permutation analysis, progression rate estimators, neural networks, Bayesian strategies, and other procedures are currently being employed (Anderson & Johnson, 2013; Bengtsson & Heijl, 2008; Gardiner, Johnson, & Demirel, 2012; Heijl et al., 2012; Marin-Franch & Swanson, 2013 (Anderson & Patella, 1990; Johnson, 2010, chap. 23 ).
Hypothesis testing, prediction and forecasting
In addition to the detection and evaluation of visual field loss in the clinic, practitioners are also interested in utilizing techniques that have prognostic value for their patients. The ability to test hypotheses for establishing a definitive clinical diagnosis, predict potential outcomes such as fast versus slow rates of progression, and forecast the future status of the patient's visual function is of tremendous benefit to both the patient and the clinician. For this purpose, a variety of techniques such as neural networks, support vector machines, Bayesian strategies, chaos theory, fuzzy logic, decision trees, risk analysis, time series analysis, signal detection theory, and other similar approaches are currently being explored to determine their specific performance characteristics. These procedures are currently in their formative stages but appear to have great potential for providing useful information in the future.
Conclusions
Perimetry encompass an intriguing combination of tried-andtrue procedures in combination with new innovative approaches. Advances in measurement acquisition strategies, normative age corrected databases, analysis procedures, forecasting strategies, new visual function tests, and other techniques have greatly improved the diagnostic utility of this clinical tool for routine evaluation of patients. On the other hand, the primary method that is used in the clinic today are, at their core, based on similar thinking to what was employed several thousand years ago. This suggests that significant improvements in these techniques are needed if they are going to be used for noninvasive assessment of visual function and ocular and neurologic disorders, and to monitor the pathologic changes that are produced in patients who develop these diseases. In this view, it is both a challenge and an opportunity for young investigators to explore these possibilities. Current visual field and perimetry methods have achieved somewhat asymptotic performance and it will require a paradigm shift for new advances to be accomplished in this area.
